












ABSTRACT 

Hydraulic model studies to determine dawnpull forces occurring in the 
direction of travel of the 21- by 34-foot intake coaster gates for the 
Oroville Dam underground powerplant showed that the design was ade- 
quate. Ultimate development of the project calls for  la ter  construc- 
tion of a second powerplant at  the toe of the dam. Initially the com- 
plete left intake structure and the base of the right one will be built. 
Each intake structure includes two trashrack-covered sloping intake 
channels with large movable shutters. A coaster gate is positioned 
in each channel at the entrance to  a vertical 22-foot-diameter pen- 
stock. Model studies were desirable because orientation and loca- 

maxim& downpull force of about 276,000 pounds will occur at 25 
percent gate opening for  emergency closures during normal full-load 
powerplant operation at maximum reservoir  elevation. No uplift 
forces were found at any gate opening o r  operating condition, and 
the shutters had little effect on the downpull. - At maximum reservoir  
elevation, the intake gate assumes control of flour at 21 percent gate 
opening. The downpull forces on the 1:24 scale intake gate were 
computed by the pressure-area method. A method of computating 
turbine discharge with wicket gates moving to  full open a s  the head i s  
reduced during emergency closure of the intake gates is given. 
Dimensionless downpull and discharge coefficients included may be 
used for gate structures of similar  geometric design. 
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DRAULIC MODEL O F  DOWNPULL FORCES 
ERPLANT INTAKE GATES 



The concrete-lined penstocks extend from the base of the intake 
channels through sound rock to  the underground powexplant. Rup- 
tures in these penstocks a r e  very improbable. Therefore, themost  
severe emergency closure condition anticipated for the intake gate 

The California Department of Water .Resources requested that model 

d, and the results obtained a r e  discussed in this report. 

powerplant at  the toe of the dam on the right abutment. During 
initial construction, the base of the right intake structure and the 
complete left intake structure will be built. The intakes for the 
powerplants will be located on the sides of the reservoir  about 
1,000 feet upstream from the axis of the dam (Figure 2). Each 
intake structure consists of two trashrack-covered channels spaced 
70 feet, center t o  center. Under the trashracks and over the top 
of the channels a r e  large movable shutters that permit selecting 
the level, and therefore, the temperature of the water released 
through the powerplant into the r iver.  The trashracks a r e  supported 
by concrete arches and s t ruts  along the full length of the struc- v 
tures (Figure 3). 

The left intake structure is about 650 feet long and is inclined up the 
side of the reservoir  at  a slope of 27"45'. In the base of each of 
the two sloping channels is a transition into a vertical 22-foot- 
diameter penstock (Figure 4). Positioned at the entrance to  each 
penstock transition is a coaster gate which serves a s  an emergency 
closure gate and will also be used'to seal  off the penstocks for  rou- 
tine inspections and maintenance (Figure 5). These 21-foot-wide 
by 34-foot-long by 2-114-foot-thick gates and their hydraulic opera- 
to rs  a r e  locked into position by hydraulically,operated bolts. The 
hydraulic operator power units contain sealed pumps, oil reservoirs,  
and hydraulic controls that will move the,gates across the penstock 
transitions in 5 minutes. 
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MODEL 

The model of the intake gate was built at a scale ratio of 1:2A t o  
alloy testing in  the already-constructed 1:24 model of the left intake 
structure (Figure 6). The gate was fabricated;from machined brass  
bar  stock and 118-inch brass  plate. The seals on the underside of 
the gate (Figure 7A) were,designed a s  part of the gate body and were 
machined after the gate was assembled. The general shape of the 
roller trains was machined from bar stock and bolted t o t h e  sides 
of the gate body (Figure 7B). The gate moved on a machined seat 
that was made from cast brass  pieces to insure surfaces that would 
remain flat during machining. No attempt was made to  make the 
weight of the model gate equivalent to that of the prototype gate. , 

The orientation, lobation, and weight of the model gate dictated that 
the pressure-areamethod be used to determine the downpull forces. 
Accordingly, 15 piezometers were placed in the gate to measure 
pressures on the ends and underside of the gate. Previous laboratory 
experienceshowed that pressures, measured on the bottom of a gate 
along the centerline of the flow passage, a r e  reasonably representa- 
tive of pressures nearer the  walls. On the model intake gate, 
Piezometers 1 through 8 were placed near the centerline of the lip, =, 
and to check the distribution assumption, Piezometers 9 through 11 

(Figures 7 and 11). a 

The long, 11 16-inch-internal-diameter piezometer leads were bundled 
together and passed through a narrow slot in the floor of the intake 
channel (Figures'6C and 7). <'Below the slot the piezometer leads 
were connected by plastic tubing to a coupling panel in the floor of 

odeled'in general shape only. Two threaded rods passed through 
transverse member of the operator which was bolted to  the floor of 

drive (Figure 7). 



INVESTIGATION 

The discharge criteria for various reservoir elevations at different 

ured from the reser -  
e penstock transition 

Discharge Coefficients 

The discharge coefficients of the intake gate were determined for 
the full range of gate positions and reservoir elevations. The dis- 
charge coefficient was defined by the equation: 

where: Q = discharge in cubic feet per second 
A = cross-sectional area  of penstock (square feet) 

P 
H = head differential across the gate (feet) 

The head differential, H, was determined by subtracting the head (in 
terms of piezometric elevation) at a ring of piezometers one pipe 
diameter below the penstock transition from the reservoir elevation 
(Figure 4A). The position of the intake gate was expressed as  per- 
cent gate opening, where the opening was taken as  the distance from 
the center of the lower seal seat to the center of the lower seal  on 
the gate (Figure 4B). This gate opening was divided by the 30-foot 
distance between the lower and upper seal  seat centerlines. Thus, 
the gate was 100 percent open when the center of the lower gate seal  
coincided with the center of the upper seat. A plot of Cd versus gate 
opening is shown in Figure 8. 

Discharge for Downpull Tests  

When gate closure occurs, the head losses and differential head 
across the gate will increase a s  the gate is moved across the penstock 
entrance. During normal powerplant operation, these additional head 
losses will be compensated by automatic opening of the turbine wicket 
gates. The wicket gates a r e  fully opened at critical head, which is at 
reservoir elevation 730, o r  at an equivalent head which results when 
the subtraction of velocity head and gate losses from reservoir  eleva- 
tion produces a piezometric elevation equal to  that of reservoir eleva- 
tion 730 under normal conditions. 



Example: From Figure 9A, for Penstock 1, and reservoir  
elevation 730 

Discharge = 8,600 cubic feet per second 
Area of penstock - 380 square feet 
Velocity head + head loss  = 1.36 

= 10. 81 feet 

The above process was continued for reserGoir elevations ranging : 

from 580 to 900 feet. The curves of discharge versus piezometric 
elevation in the penstock a r e  shown in Figure 9B. These',curves will 
be used in  Par t  4 of the following development. 



10B). These discharges were determined a s  follows: 

b. From Figure 9A an initial reservoir  elevation and discharge 
were selected. F o r  example, reservoir  elevation 820, 
Q = 7,120 cubic feet per  second. 

c. As the differentiai'head. H, increases, the piezometric 
elevation, ' H ~ ,  decreases and the discharge varies. F o r  
example: assume H = 20, 40, and 60 feet. The resulting 
piezometric elevations are:  820 - 20 = 800, 820 - 40 = 780, 
820 - 60 = 760. From Figure 9B, the  discharges that cor- 
respond to these piezometric elevations a r e  7,300, 7,550, and 
7, 830 cubicfeet per  second, respectively. 



F o r  each downpull test,  the intake gate was 'set at a specific open- 
ing, a discharge and reservoir  elevation were selected from Fig- 
u r e  9A and established in the model. After a stable flow condition 

,< ,, was reached, the piezometric heads of the 15-gate piezometers 
were read from water-filled manometers and recorded. 

In the pressure-area method of downpull computation, the pressure 
of each contributing piezometer was multiplied by a specific a r ea  
t o  obtain the forc? acting on that area.  The forces were then 
algebraically summed to  give the resulting model downpull. Fo r  the 
intake gate, the a r ea  of influence for each piezometer was taken a s  
a projected band on a plane perpendicular to the axis of the intake 
gate (Figure 11). The band width was taken from midpoint to  mid- 
point between piezometers on the gate lip, and the band length was 
the width of the gate body, not including the roller trains (Figure 11). 
The pressure distribution was fairly uniform across the lip so  the 





1 shutters removed is 0.21, compared td 0.36 with four shutters 
place. However, the maximum velocity head in the penstock is 

only 7.95 feet, and the use  of a lower K factor will not significantly 
change the piezometric head-versus-discharge curves (Figure 9B) 
o r  the discharge curves of Figures 10A and 10B. The discharge- 
versus-percent gate opening curves (Figure 10C) m a y b e  used for any 
number of shutters with an e r r o r  l ess  than 1 percent at maximum 

ate = 15 feet of water below atmospheric, head at mid- 
e- opening = 3 13 feet 

of about 4 percent. 
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F i y r e  G 
Report Hyd-540 

A. General  view of intake model. 
Gate studies were  conducted 
in detailed s t ructure  at left.  
Eight shutters a r e  in place 
under t rashracks .  

B. In its normal position the gate 
is above the entrance to thc 
penstock transition. 

C. The gate moved on a machined 
seat. Piezometer leads f rom 
the gate passed through a Slot 
i n  the channel f loor and were  
connected to a junction panel 
in the floor of  the model. 
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F i y r e  7 
Report Hyd-540 

Underside of intake gate and operator. The gate 
was moved by turning the threaded rods with a crank. 
The rods a r c  linked together by a chain and sproclcet 
genr drive. The bundle of tubing is thc piczometer 
leads. 

Filteen piezometers wcrc placed in the gate to  moasure 
pressures Cor downpull computations. Ten piezometers 
wcrc placed in the downstream end (small  numbers on gate), 
one on upstream end and four on the underside. The 
oblong shapes on thc side of the gate represent the coaster  
t ra ins .  
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General Views of Model Intake Gate and Operator 
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